increase in toxicity, an increase in exposure, and therefore an increase in risk. The risk may be large, it may be small, or it may be infinitesimal. Nevertheless, it would be irresponsible of scientists who are interested in the benefits of a technology not to state clearly the nature and the possible magnitude of the risk. On one hand, it is possible that biodegradation will reduce the concentration of the pollutant to a level that is undetectable and will generate no low-molecular-weight products or only products that are known to be of no hazard. On the other hand, it is known that, at least in certain instances, the concentration is markedly reduced, but a low level remains undegraded. Although the low concentration represents less of a hazard than the high concentration, a technology other than bioremediation might have led to environmentally acceptable residual levels. Considering our large circle of ignorance, little information exists on the concentrations remaining following extensive microbial degradation, and society will be loathe to accept a technology until that type of information is available.
Risk elimination and risk reduction are beneficial aspects of microbial transformation, but ample evidence exists that sometimes the risk is increased as a result of the metabolic processes of microorganisms in natural environments or in engineered systems. Enhancement may be associated with the formation of products that have greater toxicity than the precursor molecules, products that may have equal or even lesser toxicity but persist for longer periods, and products with enhanced mobility. Although the actual concentrations of the persistent or mobile compounds may be lower, they do, because of their longer periods of persistence or greater transport, represent greater exposures. Enhanced mobility as a result of microbial action could be a consequence of the formation of less hydrophobic, nonionic, or anionic products generated from the parent substrate. In addition, microorganisms produce surfactants, and a surfactant may increase the risk by increasing the exposure to the parent compound because of its greater mobility. Again, giving heed to the large circle of ignorance, the persistence and mobility of many, and possibly most, of the products of microbial transformation are unkown. Such information is essential if bioremediation is to be considered as an appropriate way of reducing or eliminating risks..
In contrast, some of the toxic products of microbial metabolism have been characterized. A few of these are illustrated in Table 1 . The process of converting an innocuous compound to a toxic product or the conversion of a molecule of low toxicity to one of high toxicity is known as activation. The activation may result in the formation of carcinogens or teratogens that affect humans or animals, acute toxicants of importance to public health or natural populations of animals, or phytotoxins. Although some of the products of activation are rapidly destroyed, others are slowly tranformed and hence represent issues of real concern.
A circle of modest size has been generated from a small one in the area of inoculation of environmental samples or, as it is sometimes called, bioaugmentation. In this approach to bioremediation, it is hoped that toxicants will be eliminated by the addition of microorganisms to natural environments. Indeed, reports in the peerreviewed literature suggest that this approach is really quite simple and that many chemicals have been destroyed by the addition of one or another bacterium Consider the circle of ignorance on microenvironmental distribution of organic pollutants. Soils and subsoil materials have pores, micropores, and nanopores. These vary in size from millimeters in diameter to nanometers. In contrast, bacteria are typically in the micrometer-size range, and the hyphae of fungi may have a diameter ten times larger. Should chemicals become deposited and sorbed in these small pores, it is doubtful that a microorganism added to the soil surface would be able to move through pores with smaller diameters than the cell or the hypha to locate a substrate at some distance from the site of inoculation. Indeed, distances in terms of a microorganism should be visualized in the realm of centimeters or less. Moreover, if the compound is sorbed to a somewhat inaccessible surface associated with a micropore, the rate of desorption and the tortuous path of the diffusing chemical to reach the organisms might be so slow as to make bioremediation impractical. Many of the major pollutants are sorbed in soils and subsoil materials, witness that they are still present when nonsorbed compounds have long since been washed out. Thus, how relevant is the addition of a microorganism in a two-dimensional environment to problems in which the compound is at some distance away and the small pores cannot be colonized by the somewhat larger celled organism?
Knowledge of the biodegradation of many organic compounds in aqueous solution is extensive; however, in nature many compounds are not readily available to microorganisms. The compound may be sorbed, it may be present in a nonaqueousphase liquid (NAPL), or it may be deposited in an inaccessible microenvironment. Desorption may bring the compound back into solution, but the rates of desorption of some compounds are very slow, or much less than 100% of the added compound that is desorbed. A compound present in a NAPL may partition to the aqueous phase, but the rate of partitioning may often be extremely slow. Many pollutants are thus rendered less available because of their sorption, presence in a nonaqueous liquid, or location in a physically inaccessible microenvironment; yet a mous. We should proudly proclaim our accomplishments, but we should also point to the information gaps that prevent a more rapid or more frequent accomplishment of practical bioremediation.
It is worth bearing in mind an Arab proverb which, to suit the purposes of the present discussion, has been modified slightly:
He who knows not and knows not that he knows not, he is a fool. Shun him.
He who knows not and knows that he knows not, he is on the road to wisdom. Follow him.
